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fluvial systems are particularly sensitive to recent environmental changes, geomorphic features such as
alluvial terraces are frequently used as markers to gauge tectonic deformation. Together with the mea-
surement of cumulative displacements, the chronological framework of emplacement and abandonment
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of these geomorphic markers is thus fundamental to determine long-term fault slip-rates. In Taiwan, the
geomorphic features associated with fault activity have been studied in detail with a high level of reso-
lution; however, the use of deformed and partially preserved alluvial terraces is often hampered by the
absence of well-documented ages. The purpose of this paper is two-fold. First, we take the opportunity to

Seismic hazards review the chronological constraints that have been published in Taiwan so far. Second, we present how

the cosmogenic dating method (in situ-produced '°Be) can be used to constraint the chronological frame-
work of alluvial deposits over a Pleistocene time scale. Thanks to a comparison of our cosmogenic-
derived ages with existing data, we present a consistent regional chronological framework for the
Pakua-Tadu area along the Changhua Fault, one of the most active frontal thrusts in the Western Foothills
of the Taiwan mountain belt. We also discuss its relationships with global eustatism and its tectonic
implications for the timing of propagation of the deformation front during the last 450 kyr.
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Contents
B S (o s e T o ) L PP 00
2. Geodynamic and ge0logiCal COMEEXES . . . ..ottt ettt ettt e e ettt e e e e e e e 00
3. Alluvial terraces in Western Foothills of TaiWan . .. ... .. i ettt et et et et et ettt ettt et et ettt e e 00
2 B € 1 1o =1 el 1 -1 Lot 1 () o (- 00
3.2.  Existing chronolo@ical CONSIIAINES . . . . .. v\ttt ettt ettt e e e e e e e e e ettt e e e e e e e et et ettt ettt e ettt iees 00
3.3.  Alluvial terraces in central WesStern TAIWAI . . . . ..ottt ettt e e e ettt ettt e e e e ettt ettt ittt 00

* Corresponding author at: Centre Européen de Recherche et d’Enseignement en
Géosciences de I'Environnement (CEREGE) - UMR 7330 CNRS-INSU, Aix-Marseille
Université, IRD, BP 80, Plateau de I'Arbois, 13545 Aix-en-Provence cedex 4, France.
Tel.: +33 442 971 760.

E-mail address: siame@cerege.fr (L.L. Siame).

1367-9120/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jseaes.2012.02.002

Please cite this article in press as: Siame, L.L,, et al. Pleistocene alluvial deposits dating along frontal thrust of Changhua Fault in western Taiwan: The cos-
mic ray exposure point of view. Journal of Asian Earth Sciences (2012), doi:10.1016/j.jseaes.2012.02.002



http://dx.doi.org/10.1016/j.jseaes.2012.02.002
mailto:siame@cerege.fr
http://dx.doi.org/10.1016/j.jseaes.2012.02.002
http://www.sciencedirect.com/science/journal/13679120
http://www.elsevier.com/locate/jseaes
http://dx.doi.org/10.1016/j.jseaes.2012.02.002

2 L.L. Siame et al./Journal of Asian Earth Sciences xxx (2012) XxX—Xxx

4, Cosmogenic dating of alluvial Materials. . . .. .. .. .t ettt et e e ettt et e e e e 00
4.1. In situ-produced cosmogenic nuclides and geomorphic problems . ... ....... ... .ttt e 00
4.2. In situ-production of '°Be at the surface: exposure time or denUAation. . ... ... .....uuuunnnnue e 00
4.3. In situ-production of '°Be along depth profiles: exposure time and denudation . . ..............uuttinuieeiineeeiieiannenn. 00
5. Applications to alluvial landforms in TaiWam. . . ... ..ottt et et e et et e e e e e e e 00
5.1.  Cosmogenic measurements iN TAIWAN. . . ... vttt ettt ettt et e e e e e e e e ettt e e e e e et et ettt 00
5.2. Dating the Pakua terraces using cosmogenic depth profiles . ... ...... ... i i e e e e 00
L B ) T 111 T ) P 00
6.1.  Significance of the modeled denudation Tates. . .. ... ... ..ttt et e e et et et ettt et et et e e e 00
6.2. Significance of the Modeled EXPOSUIE @S . . . . ...\ttt ittt ettt et et et et e e 00
6.3.  TeCtoniC IMPLCATIONS . . ..o\ttt ettt ettt e e e e e et et et e e e e e e et et e e e e e 00
728 )3 Tl 11T T ) o PP 00
ACKNOWIBA MBS . . . .ottt ettt ettt e e e e e e e e e e e e e e e e e e e e 00
0 2 (S 4 Lo 00

1. Introduction

At the plate tectonic scale, there is an overall agreement be-
tween far-field geodetic deformation rates and geological plate
velocities derived from seafloor spreading since 3 Ma (DeMets
et al,, 1990, 1994, 2010). Within this context, interplate fault slip
rates are usually considered as constant due to steady plate
boundary loading rates. However, on individual fault systems,
comparisons of geological and geodetic fault slip rates suggest that
they may have varied over long-spanned time scales (Grant and
Sieh, 1994; Stein et al., 1997; Bendick et al., 2000; Dawson et al.,
2003; Dixon et al., 2002; Friedrich et al., 2003; Ryerson et al.,
2006). Measurements and comparison of fault slip rates integrated
over different time spans are thus important not only to apprehend
how plate convergence is accommodated by continental litho-
spheres but also to determine to what extend the slip rate varia-
tions may be related to the fault strength or to the transient
accumulation of elastic strain in the lithosphere (e.g., Fay and
Humphreys, 2005; Oskin et al., 2007; Chuang and Johnson, 2011).

To measure deformation rates of active tectonics, geoscientists
use a number of tools spanning very different time scales. Over
decadal time scales, leveling, Global Positioning System (GPS)
and more recently Interferometry Synthetic Aperture Radar (In-
SAR) techniques (Massonnet and Feil, 1998; Burgmann et al.,
2000) allow constraining velocity fields and determining slip rates
either on individual faults or at the regional scale (Holt et al., 2000;
Huang et al., 2009; Wei et al., 2011; Walters et al., 2011). Together
with geodetic measurements, earthquake moment summations
also allow calculating regional strain-released rates (Westaway,
1992; Siame et al., 2005; Mouthereau et al., 2009; Walker et al.,
2010). To investigate the representativeness of current rates, it is
necessary to open the observation window of crustal deformation
on time scales typically spanning several tens to several hundreds
of thousand years (i.e., over the Pleistocene to Late Quaternary). For
such time scales, geomorphic offset measurements and dated
features allows determining averaged fault slip rates. Over the last
two decades, this morpho-chronometric approach has been
facilitated by development of dating methods such as Optically-
Stimulated Luminescence (OSL) and Cosmic Ray Exposure (CRE)
techniques, which allow reaching time spans far beyond
radiocarbon dating (i.e., older than 45 ky), and in regions where
radiocarbon-datable materials are not available or difficult to
obtain.

Among the geomorphic markers that can be used to gauge the
deformation cumulated over the Holocene or the Pleistocene,
fluvial terraces constitute well-suited features that are particularly
sensitive to climate variations, sea level changes and/or tectonic
forcing to which they systematically adjust (Schumm, 1977;
Avouac and Peltzer, 1993; Merritts et al., 1994; Pazzaglia et al.,

1998; Maddy et al., 2001; Bridgland and Westaway, 2008; Lu
et al,, 2010). In compressional settings such as piedmonts of active
fold-and-thrust belts, the relief growth due to the tectonic defor-
mation frequently interferes with the geomorphic impact of fluvial
activity on landscapes (e.g., Molnar et al., 1994; Yang et al., 2011).
Within such contexts, the combination of surface uplift, river depo-
sition and subsequent incision creates geomorphic features that
are generally characterized by stepped, abandoned fluvial terraces
while progressively uplifted, folded and/or tilted. As a result, dating
fluvial terraces became a common method to estimate rates of ac-
tive tectonics.

In this article, we focused on the terrace deposits in the frontal
thrust zone of the Taiwan mountain belt, which is related to the
oblique collision between the Philippine Sea and Eurasian plates
(Fig. 1). In Taiwan, recent geodetic surveys using Global Positioning
System (GPS) showed that in the central part of the Taiwan
mountains, the plate suture in the eastern side (Coastal Range
and Longitudinal Valley) and the Western Foothills both account
for nearly 50% (3-4 cm/year) of the plate convergence rate, respec-
tively (Yu et al,, 1997; Hsu et al., 2009). To investigate whether
such rates of deformation are representative on millennial time
scales, we focused on the landscape development in relation with
the Changhua Fault, one of the major frontal thrusts in western
Taiwan (Fig. 1). In the Western Foothills, the tectonic deformation
is seemingly closely related to the abundant late Quaternary allu-
vial deposits that skirt the piedmont of the mountain belt. This
paper is thus taking the opportunity to review the chronological
constraints that have been published so far and to present how
we used the cosmogenic dating method (in situ-produced '°Be)
to constraint the chronological framework of alluvial deposits over
a Pleistocene time scale. Thanks to a comparison of our
cosmogenic-derived ages with existing data such as pedogenic
characteristics of the alluvial deposits, we propose a consistent
chronological framework for fluvial terraces emplacement in the
Pakua-Tadu region. We also discuss its relationships with global
eustatism and its tectonic implications for the timing of propaga-
tion of the deformation front since about 450 kyr.

2. Geodynamic and geological contexts

Taiwan is recognized as one of the best places in the world to
address major questions regarding mechanisms of deformation in
convergent settings, processes of mountain building (from oceanic
subduction to continental subduction and post-orogenic
extension), and subsequent active deformation involving several
significant seismogenic faults (Fig. 1). Taiwan is located at the
boundary between the Eurasian and Philippine Sea plates, and
makes the junction between the Ryukyu and the Manila, two
opposing trench systems. Along the Ryukyu trench, the Philippine
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Fig. 1. (A) Tectonic framework and main structural units of the Taiwan collision
zone (after Angelier et al. (2009)). Large arrow indicates the plate convergence
direction of Philippine Sea plate relative to Eurasia (Sella et al., 2002). Open circles
locate earthquakes with ML > 5 (1900-2006; Central Weather Bureau of Taiwan,
Ng et al, 2009). Solid circles locate Western Foothills’ largest destructive
earthquakes: 1906 Meishan (ML=7.1, depth=6km), 1935 Taichung-Hsinchu
(ML=7.1, depth=5km), 1941 Chungpu (ML=7.1, depth=12km) and 1999
Chi-Chi (ML = 7.3, depth = 8 km). The focal mechanism of the Chi-Chi mainshock
is after Chang et al. (2000). (B) Section across the orogen showing the main zones of
active faulting and exhumation (after Malavieille (2010)). Numbers refer to short-
term shortening estimates through the deformation front (Simoes and Avouac,
2006), the Longitudinal Valley (Angelier et al., 2000; Shyu et al., 2006) and offshore
within the Philippine Sea plate (Malavieille et al., 2002).

Sea plate is subducting toward the north beneath the Eurasian
plate whereas it overrides the likely oceanic crust of the South
China Sea along the Manila trench. Since roughly 6 Ma, Taiwan
has been experiencing the oblique convergence between the Eur-
asian and Philippine Sea plates (Suppe, 1981; Angelier, 1986),
which still is ongoing at a rate of roughly 82 mm/year in a NW-
SE direction (Yu et al., 1997, Sella et al., 2002). Under this tectonic
plate configuration, the Longitudinal Valley Fault in eastern Taiwan
represents the major on-land plate suture between Eurasian and
Philippine Sea plates, and the Western Foothills correspond to
the deformation front of the orogenic wedge (Fig. 1). The Western
Foothills is characterized by a series of sub-parallel, west-verging
thrusts, resulting from the westward propagation of the mountain
fronts since the Pliocene (Lee et al., 1996). This region also consists
of numerous active faults (Figs. 1 and 2) with a significant part of
the Taiwanese population, who is thus particularly exposed to seis-
mic hazards.

Since the last century, four destructive or devastating earth-
quakes struck the Western Foothills region (Fig. 1). Among them,

Fig. 2. Distribution of the Quaternary deposits (after Chen et al. (2000)) and main
active faults (after Angelier and Chen (2002), Shyu et al. (2005), Ota et al. (2006,
2009), Chen et al. (2007a,b), Yue et al. (2009)) mapped over a mosaic of SPOT
images (OCNES/CSRSR 2011).

the 1935 Hsinchu-Taichung earthquake (M 7.3, focal depth 5 km)
caused the greatest losses of the twentieth century (Ng et al,
2009) until the disastrous effects of the 1999 Chi-Chi earthquake
(M, 7.5, focal depth 8 km), which ruptured the Chelungpu Fault
(Fig. 2). This large seismic event also triggered a large scientific ef-
fort for a better knowledge of the potential seismogenic sources in
the whole Taiwan area (e.g., Shyu et al., 2005). The fact that the co-
seismic rupture of the Chi-Chi earthquake was located exactly at
the toe of cumulated Pleistocene geomorphic scarps marked a
turning point for morpho-tectonic studies in Taiwan (Chen et al.,
2002; Ota et al., 2005). During the decade following the Chi-Chi
earthquake, the emergence of applications using digital elevation
models (DEMs) with increasing resolution facilitated, and signifi-
cantly improved, geological and geomorphic mapping of active
faults (e.g., Shyu et al., 2005; Lai et al., 2006; Ota et al., 2006).
The advent of new techniques, such as the high-resolution airborne
Light Detection and Ranging (LiDAR) data, now enables the produc-
tion of DEMs with a metric resolution, allowing detecting short
wave-length topographic features, even in heavily urbanized areas
(Chan et al., 2007). However, even if the geomorphic features
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associated to fault activities can now be studied with a high level of
resolution, the application of deformed and partially preserved
alluvial terraces is too often hampered by the absence of
well-documented numerical ages, precluding to accurately
determining fault slip rates (e.g., Chen et al., 2004; Ota et al,,
2006; Chen et al., 2007a,b).

3. Alluvial terraces in Western Foothills of Taiwan
3.1. General characteristics

In the Western Foothills of Taiwan, the fluvial deposits are gen-
erally differentiated into three groups, from old to young: lateritic
highlands (LHs), lateritic fluvial terraces (LTs) and non-lateritic
fluvial terraces (FTs). Regarding the term lateritic, it must be
underlined that the red soils covering the gravels of the oldest ter-
races have not yet reach the true, mature stage of lateritization
(Tsai et al., 2006, 2007a,b, 2010). Actually, the so-called lateritic
terraces are generally characterized by a red-clayed matrix that
is well-developed in the surficial part of the gravels, grading
upward into 1-10 m thick soils redder than 7.5 year in the Munsell
color chart (Tsai et al., 2006). Incised and stepped below the LH and
LT, the FT are generally composed of unconsolidated gravel with
intercalated sandy/silty lenses, poorly stratified and sorted with
clasts ranging from several millimeters to several meters. Fig. 2
shows the distribution of the alluvial terraces throughout the
Taiwan Island, indicating that they are mainly localized on the
Western Foothills and Coastal Plain, at the toe of the mountain belt.
Since they have been deformed due to the progressive, westward
propagation of the frontal thrusts, those alluvial terraces provide
key geomorphic markers to quantify the tectonic rates associated
to active folds and faults, crucial to apprehend seismic hazards in
Taiwan.

3.2. Existing chronological constraints

In Taiwan, it is particularly difficult to obtain sedimentation
ages for middle Pleistocene or younger alluvial terraces. Indeed,
finding material for radiocarbon or biostratigraphic dating is
generally a challenge under the prevailing, highly oxidizing weath-
ering conditions. In addition, the highly dynamic conditions of
fluvial deposition enhance the probability for material recycling,
particularly from one terrace to another. Nevertheless, the
radiocarbon technique has been applied successfully to date geo-
morphic features in Taiwan, bringing Holocene to the early Pleisto-
cene temporal constraints for studies of volcanic events (Chen
et al, 2010a,b; Belousova et al., 2010), active tectonics (Liew
et al., 1993; Vita-Finzi, 2000; Lee et al., 2001; Chen et al., 2001,
2003a,b, 2009; Streig et al., 2007; Hsieh and Rau, 2009; Yen
et al,, 2009) as well as gravitational collapse events (Hsieh and
Chyi, 2010), alluvial (Hsieh and Knuepfer, 2001; Ota et al., 2002)
and marine terraces (Yamaguchi and Ota, 2001; Hsieh et al,
2006). The time range of radiocarbon dating being limited at best
to the last 45 kyr, terraces older than that have been dated using
approaches, such as luminescence-based techniques (Wintle and
Murray, 2006; Wintle, 2008; Preusser et al., 2009). In Taiwan,
Optically-Stimulated Luminescence (OSL) have already provided
dates for river terraces (Chen et al., 2003a,b; Simoes et al., 2007;
Ota et al., 2009; Yue et al., 2009; Le Beon et al., 2010; Wu et al,,
2010), in paleoseismological trenches (Chen et al., 2009) or for
deposits of glacial origin preserved in the high mountainous areas
(Hebenstreit and Bose, 2003; Hebenstreit et al., 2006).

Although available age controls are scarce, previous studies
gave temporal benchmarks allowing addressing a general chrono-
logical framework of terrace emplacement in Western Foothills of

Taiwan. Based on palynological correlations (Liew, 1988), and lim-
ited radiocarbon dating (Chen and Liu, 1991; Ota et al., 2002), the
LH and LT are generally given to be older than 30 kyr. On the basis
of paleomagnetic correlations, Lee et al. (1999) estimated that the
LH could be as old as 900 ka. Tsai et al. (2006) studied the weath-
ering characteristics of the red soils using the crystallinity ratio of
free iron oxydes and, correlating them to dated terraces from Kikai
Island in Japan (Maejima et al., 2002), they estimated an age as old
as 400 ka for the LH in central Taiwan. The fluvial, non-lateritic ter-
races being stepped at elevations lower than those of the LH and
the LT, they are generally given to be younger than 30 kyr (Chen
and Liu, 1991; Sung et al., 1997; Hsieh and Knuepfer, 2001; Ota
et al., 2002).

3.3. Alluvial terraces in central western Taiwan

We select the central part of the Western Foothills for decipher-
ing timing of active tectonics in connection with the propagation of
the deformation front of the Taiwan mountain belt (Fig. 2). To the
west of the Chelungpu Fault, the Changhua Fault marks the
present-day most advanced deformation front of the orogen (Ho,
1986; Lee et al., 1996; Delcaillau et al., 1998; Mouthereau et al.,
1999). The geomorphic expression of this blind fault is dominated
by the development of elongated and sigmoidal tablelands (the
Tadu and Pakua tablelands), separating the Coastal Plain from the
Taichung Basin (Fig. 2). To the south, the Pakua Tableland, which is
about 30 km long and 5-10 km wide, comprises Quaternary terres-
trial deposits that are asymmetrically folded, defining a gently
dipping, 6-7 km long backlimb, and a much narrower, steeper
front limb of roughly 2 km long (Simoes et al., 2007; Yue et al.,
2009).

The southern part of the Pakua tableland exhibits wide, un-
paired FT (deposited by the paleo-Choshui River and its tributaries)
that have been abandoned while uplifted and tilted during the
growth of the Pakua anticline (Fig. 3). For consistency with previ-
ous studies, we chose to name the Pakua terraces according to Tsai
et al. (2006). The highest geomorphic surface in the area (LH, Pk-1)
is preserved along the hinge of the Pakua anticline at roughly
440 m above the sea level (Fig. 3). The other fluvial terraces (LT,
Pk-2 to Pk-6) are incised and stepped below this geomorphic
surface at elevations ranging from roughly 430 m (Pk-2) to
320 m (Pk-6) above sea level (Fig. 3). South of the Pakua Tableland
termination, the Choshui River is presently flowing down west-
wardly from the mountain front at an elevation of roughly 100 m
above the sea level (Fig. 3). Below the fluvial deposits, the base rock
is made of coarse conglomerate from the upper Toukoshan Forma-
tion (0.5-1 Ma; Teng, 1987; Liew, 1988), slightly inclined (<10°E),
and crops out in eroded or incised cliffs, particularly along the wes-
tern edge of the Pakua tableland.

On the basis of degrees of pedogenesis, Tsai et al. (2006, 2007b)
established a soil chronosequence of the river terraces developed
on the Pakua Tableland. Following the World Reference Base clas-
sification system (ISSS Working Group WRB, 1998), the Pk-1 pedon
(highest terrace) is a Haplic Ferralsol, whereas Pk-2 to Pk-5 pedons
are Haplic Acrisols, and Pk-6 pedon (lowest terrace) is a Haplic
Cambisol (Tsai et al., 2007b). From the pedogenic point of view,
the highest level (Pk-1) is thus, not surprisingly, the most weath-
ered, that is, the oldest soil in the Pakua region. Based on a compar-
ison of the weathering characteristics of the Pakua pedons, Tsai
et al. (2008) estimated that the ages of the Pakua terraces should
be less than 400 ka, judging from a minimum soil age of 386 ka
determined using meteoric '°Be dating (e.g., Graly et al., 2010) of
the Ultisols in Chiayi, southern Taiwan (Fig. 2). In the Tadu area,
Tsai et al. (2010) estimated that the most widely spread alluvial
terrace caping the tableland should be contemporaneous to the
Pakua Pk-2 terrace. Within such a chronological framework, the
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Fig. 3. (A) Geomorphic map of the Pakua Tableland locating the active faults and showing the distribution of the Quaternary lateritic terraces (LH and LT). OSL samples (black
circles) are from Simoes et al. (2007). Radiocarbon-dated terrace (black star) is from Ota et al. (2002). Black squares locate the cosmogenic depth profiles analyzed in this
study. Open squares locate the field photographs. (B) Red soils covering the Pk-1 terrace in the northern part of the Pakua Tableland. (C) Photograph of the terrace Pk-3
looking to the northeast. (D) Photograph of the Pk-2 border on the western edge of the Pakua Tableland. Rejuvenation of the slope is due to a landslide triggered by the 1999
Chi-Chi earthquake (old road). (E) Photograph of the Pk-5/Pk-6 terrace riser looking eastward. (F) Photograph of the Pk-6 terrace looking northward towards the Pk-1/Pk-6

riser.

deformation associated to the onset and growth of the Pakua anti-
cline, which was in close relation with the Changhua Fault, should
thus not be younger than the abandonment of the Pk-1 terrace
(Delcaillau et al., 1998), that is, about 400 kyr ago.

In the same region, Simoes et al. (2007) proposed a drastically
different chronological framework. Using OSL dates, they proposed
that the abandonment of Pk-6 and Pk-2 terraces both occurred
during the last 19 + 4 kyr (Fig. 3). In addition, on the basis of similar
tilt values, they also correlated the higher terrace Pk-1 to an allu-
vial terrace located further south on the left-hand side of the
Choshuei River near Jhushan, which has been radiocarbon-dated
by Ota et al. (2002) at 31 kyr (Fig. 3). Within such a chronological
framework, their modeling of the anticline growth yielded a fold-
ing inception at about 72 kyr ago.

Thus, despite the dating efforts that have been conducted in the
Pakua area, the chronological framework of the alluvial terraces re-
mains debatable (e.g., Tsai et al., 2007b, 2008; Simoes et al., 2007).
To overcome this controversy, the cosmic ray exposure dating
method using in situ-produced '°Be along depth-profiles has been

recently applied to selected alluvial deposits of the Pakua tableland
(Fig. 3). However, before going into the cosmogenic-derived chro-
nological constrains for the deformed Pakua terraces, we would
like to recall the rational associated to the cosmic ray exposure dat-
ing techniques using in situ-produced '°Be.

4. Cosmogenic dating of alluvial materials

To apprehend and quantify the physical processes controlling
morphogenesis, one needs the establishment of detailed chronolo-
gies for environmental changes and the quantification of a large
panel of surface processes. Within this general context, in situ-pro-
duced cosmogenic nuclides have literally revolutionized the way
that we are able to analyze and determine the rates at which the
landscapes evolve. Particularly, the techniques have been widely
applied to soils and bedrock outcrops to measure their duration
of exposure to cosmic rays (Bierman, 1994; Gosse and Phillips,
2001). Nowadays, measurement of the particularly low levels of
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in situ-produced cosmogenic nuclides in surface rocks and soils
has become a routine, leading to the tremendous expansion of
their applications in Earth Sciences. In situ-produced cosmogenic
nuclides are now proved to provide chronologies of environmental
change over the past few thousand to several millions of years, to
quantify a wide range of weathering and sediment transport pro-
cesses, and are thus widely used across a broad spectrum of Earth
Science disciplines, including paleoclimatology, geomorphology
and active tectonics (e.g., Gosse and Phillips, 2001; Siame et al.,
2006; Granger, 2006; Ivy-Ochs and Schaller, 2009).

In situ-produced cosmogenic nuclides build-up in surface rocks
and soils due to the nuclear reactions induced by the interaction of
secondary cosmic ray particles with target atoms in mineral lat-
tices. Those secondary cosmic ray particles (secondary neutrons,
negative muons, thermal neutrons) result from the atmospheric
nuclear disintegrations when galactic cosmic rays interact with
the molecules in the atmosphere. Among in situ-produced cosmo-
genic nuclides, '°Be (Ty;2 = 1.39 Myr), 2°Al (Ty;z = 0.73 Myr), and
36C1 (T, = 0.30 Myr) are the most widely applied to solve geomor-
phic problems in siliceous ('°Be and 2°Al) and carbonated (3°Cl)
environments. They are particularly relevant to solve geomorphic
problems because their radioactive decays allow apprehending
time scales spanning the last 3 Myr.

4.1. In situ-produced cosmogenic nuclides and geomorphic problems

A fundamental aspect underlying the application of in situ-pro-
duced cosmogenic nuclides to geomorphic problems is that the
secondary particles are efficiently absorbed in the matter (i.e., min-
erals in the soil profile), which limits their production to the first
few meters of rock or soil below the surface. In situ-produced cos-
mogenic nuclides concentrations are thus proportional to the geo-
morphic stability of the landscape surfaces exposed to cosmic
radiations. Favorable geomorphic circumstances allow using these
concentrations to estimate minimum exposure ages or maximum
rate of denudation (Lal, 1991; Cerling and Craig, 1994).

For all in situ-produced cosmogenic nuclides, atmospheric and
geomagnetic shielding are the environmental factors that have
the largest spatial effects on the surface production rates that are
given normalized to sea level and high latitude (SLHL). To calculate,
at a given site, the surface cosmogenic nuclide production rate, one
must thus scale the SLHL production rate. The scaling scheme pro-
posed by Stone (2000) is based on the latitude-altitude scaling fac-
tors of Lal (1991). However, Stone (2000) use the atmospheric
pressure as a function of elevation, and thus take into account
the physical properties of cosmic ray particle propagation in the
atmosphere. The polynomials also include an improved account
for the muonic component in the total cosmogenic production.
Lal (1991) and Stone (2000) polynomials suppose that the cosmo-
genic production rate is constant through time. However, changes
in the paleomagnetic field intensity have had a significant effect on
cosmogenic nuclide production rates at low-latitude sites and for
exposure ages higher than a few tens of ka (Masarik et al., 2001).
To account for this surface production variability through time,
one can either propagate a conservative uncertainty of roughly
15% (e.g., Lal, 1991) or use the approach proposed by Pigati and
Nifton (2004), which allows calculating time-integrated geomag-
netic intensity-corrected production rates for °Be (e.g., Siame
et al., 2007). Other approaches propose scaling procedures
accounting for magnetic field changes (Dunai, 2001; Desilets and
Zreda, 2003; Desilets et al., 2006) and solar variability (Lifton
et al., 2005). Surface production rates must also be corrected for
recurrent covers (snow, soils, loess), local slopes and topographic
shielding due to surrounding morphologies (e.g., Dunne et al.,
1999). To calculate erosion rates or exposure ages from cosmo-
genic nuclide concentrations one can refer to the review papers

that have been recently published by Balco et al. (2008) and Dunai
and Stuart (2009).

4.2. In situ-production of '°Be at the surface: exposure time or
denudation

Because of their efficient dissipation of their energy through nu-

clear reactions, the flux of secondary particles, and therefore the
cosmogenic production rates, decreases exponentially with the
mass of overlying material, with a characteristic attenuation length
A (g cm™2). For a flat, horizontal and unshielded surface being ex-
posed to cosmic rays, the evolution of the cosmogenic nuclide pro-
duction rate P (atoms g-mineral~! year™') as a function of depth x
is given by (Lal, 1991):
P(x) = P, - e(-7) (1)
where Py is the scaled surface production rate, and p the density of
the overlying material. Stone (2000) determined SLHL production
rates of 5.1+ 0.3 atoms g~ ! year—!. However, with the recent revi-
sion of the '°Be half-life (Nishiizumi et al., 2007), and since the
10Be SLHL production rate published by Stone (2000) is based on
measurements calibrated against non-NIST standards, it requires
normalization by a factor of 1.14 £ 0.04 (Middleton et al., 1993),
leading to a SLHL production rate that is correspondingly lower
(4.5 £ 0.3 at/g-Si0,/year).

For a surface exposed to cosmic rays, the cosmogenic built-up of
10Be concentrations with time and depth is the result of production
due to cosmic ray interaction and the losses due to denudation (¢,

g cm 2 year ') and radioactive decay (/, year~! (Lal, 1991):

%’;':Po.e(#)H.%—z.N 2)
At the landscape surface, neutrons are the most efficient particles
since they account for roughly 98% of the total !°Be production
(Brown et al., 1995). The 2% left are due to the muonic component
of the secondary particles (Heisinger et al., 2002a,b; Braucher et al.,
2003). Neutrons are very interactive particles and are thus not very
penetrative with an attenuation length on the order of 150-160 g/
cm? (Lal, 1991). Conversely, stopping and fast muons are weakly
interactive but very penetrative particles with attenuation lengths
on the order of 1500 and 5300 g/cm?, respectively (Braucher
et al., 2003). In other words, the relative proportion of neutrons
and muons varies with depth (Fig. 4), and the muons are responsi-
ble for the rare nuclear reactions at depth once the neutrons have
been attenuated. Considering the different categories of particles
responsible for in situ-production of °Be, and assuming constant
rates of denudation and production through time, the differential
equation 2 may be solved to yield (e.g., Lal, 1991):

N(x,t) = N(x,0) - e " 4 Po o). (1 - e*(”%)'f>

+
: () P <""X>
. 7 . ] _e <’+AMS> +_,Hf .e A#f
Lt < i+

: (1 —e (*T?)t> 3)

where A, A, and A, are the effective attenuation lengths for
neutrons, stopping muons and fast muons, P, P, and Py their
respective surface production rates, and N(x,0) is the number of
cosmogenic nuclide atoms present at the initiation of the exposure
episode (inheritance). Eq. (3) implies that the cosmogenic nuclide
contents increase with time until they reach a steady-state balance
between production and losses due to denudation and radioactive
decay (Fig. 5).
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Fig. 4. Respective contribution of muons and neutrons for in situ-produced cosmogenic °Be. (A) Production as a function of depth for a surface exposure of 20 kyr and zero
denudation. (B) Respective particle contributions as a function of depth. Attenuation parameters are those of Braucher et al. (2003), surface production rate is 4.5 at./g-SiO,/an

(Stone, 2000), and a material density of 2.3 g/cm®.

Fig. 5. In surface rocks or soils exposed to cosmic rays, cosmogenic nuclides
concentration build-up with time until a steady-state balance is reached when
production equals losses due to radioactive decay and denudation. Favorable
geomorphic circumstances (simple exposure, negligible denudation) allow using
those concentrations to calculate a minimum exposure age. Conversely, if the
steady state equilibrium is reached (long time span exposure or high denudation
rate) then maximum denudation rates can be calculated. Po: surface production
rate, N: Concentration, p: density, A,: neutrons attenuation length, / radioactive
decay constant, &: denudation rate, t: time.

At the surface, if considering a single exposure scenario (with
no inheritance), Eq. (3) can be simplified by neglecting the muonic
terms:

NO.0) = i (1o (001) “

Lt

where P, is the surface production rate, N, the 1°Be concentration, p,
the density of the material, A, the attenuation length of neutrons,
J, the radioactive decay constant of the cosmogenic nuclide, ¢, the
denudation rate, and t, the duration of exposure (Fig. 5). It thus ap-
pears that the surface concentration is a function of both time and

denudation, which makes two unknowns for one equation. On the
one hand, if the exposure duration is long enough as the cosmo-
genic nuclide concentrations reach the steady-state equilibrium, a
maximum denudation rate can be calculated (Lal, 1991). This end-
member is nonetheless the basis for catchment-wide denudation
determinations (von Blanckenburg et al., 2004; von Blanckenburg,
2005; Siame et al., 2010). On the other hand, to determine an expo-
sure age from the measured surface concentrations, one must either
considers that the denudation is negligible (or known by an inde-
pendent method) or that the exposure duration is long enough with
respect to the denudation processes (Fig. 5). In desert settings, one
can have geomorphic evidences that the denudation processes have
had no or very little effect on the landscape preservation and that
the term ¢ can be neglected. In the mid-1990s, the application pro-
cedures for in situ-produced cosmogenic nuclides have been vali-
dated for relatively ideal geomorphic features for which the
processes (erosion, burial...) acting on the landscape surface after
their abandonment are very limited. Such favorable environmental
circumstances have prompted pioneer applications in active tecton-
ics (Bierman et al., 1995; Ritz et al., 1995; Siame et al., 1997; Van
der Woerd et al., 1998). This also may be true if considering short
time spans (on the order of 103-10* years) during which erosion
may have had no or little effect on the preservation of the geomor-
phic features (Fig. 5), as revealed by the preservation of glacial stri-
ations on scoured bedrocks (e.g., Siame et al., 2007). As far as these
geomorphic circumstances can be demonstrated, the cosmogenic
nuclide surface concentrations can be used for surface exposure
dating, yielding minimum exposure durations to cosmic rays
(Fig. 5). However, post-depositional processes can complicate the
evolution of geomorphic surfaces and exposure ages calculated
from the surface concentrations may not be representative for the
actual abandonment age of the studied geomorphic features. With-
in this context, criteria for determining whether a surface is eroding
or undergoing burial, as well as quantitative information on denu-
dation or burial rates, may be obtained from cosmogenic nuclide
depth profiles.

4.3. In situ-production of '°Be along depth profiles: exposure time and
denudation

Among the various techniques using in situ-produced cosmo-
genic nuclides, that using the measurement of '°Be concentrations

Please cite this article in press as: Siame, L.L,, et al. Pleistocene alluvial deposits dating along frontal thrust of Changhua Fault in western Taiwan: The cos-
mic ray exposure point of view. Journal of Asian Earth Sciences (2012), doi:10.1016/j.jseaes.2012.02.002



http://dx.doi.org/10.1016/j.jseaes.2012.02.002

8 L.L. Siame et al./Journal of Asian Earth Sciences xxx (2012) XxX—Xxx

along depth profiles sampled below the surface (Brocard et al.,
2003; Siame et al., 2004; Wolkowinsky and Granger, 2004;
Braucher et al., 2009; Hidy et al., 2010) is one of the most
promising for determining exposure scenarios for fluvial terraces
(Carcaillet et al., 2009; Matsushi et al.,, 2006; Schmidt et al.,
2011; Rixhon et al., 2011). Thanks to the refinement of the physical
parameters involved in the production of in situ-produced cosmo-
genic nuclides (Brown et al., 1995; Heisinger et al., 2002a,b; Brau-
cher et al., 2003), not only does this approach allow determining
abandonment ages of fluvial deposits but also estimating the inte-
grated denudation rate acting on the deposits since their abandon-
ment, as well as the cosmogenic content of the fluvial gravels
inherited from exposure prior to their deposition (Braucher et al.,
2009; Hidy et al., 2010).

The depth-profile technique relies on the opposing duality of
secondary neutrons and muons for in situ-production of °Be at
depth. Indeed, when compared to high-energy nucleons like sec-
ondary neutrons, muons have the capacity to penetrate more dee-
ply into rocks and the production rate of '°Be varies with depth as
the dominant production process progresses from nucleon spalla-
tion at the surface, to negative muon capture, and fast muon
reactions at great depth (Fig. 4). This means that whereas neu-
tron-induced production is dominant near the surface (Brown
et al,, 1995), reactions with muons become dominant below a
few meters (Stone et al., 1998; Granger, 2006). This opposition be-
tween muonic and spallogenic particles is potentially very useful
because the sensitivity to denudation decreases as the attenuation
length for production increases. Used in combination along depth
profiles, the concentrations measured in the upper part (usually
<3 m) of the profile, dominated by the efficiently attenuated
neutrons and that thus rapidly reach cosmogenic production
steady-state, allow estimating the denudation rate while the
concentrations measured in the lower part (>3 m) dominated by
the significantly less attenuated muons allow estimating the expo-
sure duration (Siame et al., 2004; Braucher et al., 2009; Hidy et al.,
2010).

Siame et al. (2004) showed that measurement of '°Be concen-
trations along a depth profile allows estimating both exposure
time and denudation rate using a chi-square (x?) inversion
model:

N PR .
X2zzw (5)

i=1 Oi

where N; is the measured cosmogenic concentration at the depth x;,
and C(x; &, t) is the theoretical '°Be concentrations computed using
Eq. (3) with a given time-denudation (t, ¢) pair. Braucher et al.
(2009) have mathematically proved that for two measured '°Be
concentrations sampled at different depths below a surface under-
going denudation and a single exposure to cosmic rays, only one (t,
¢) pair is necessary to define the system. This is true only if all the
particles (neutrons, fast and stop muons) involved in the production
of in situ-produced '°Be are used in the model.

In the model adopted by Siame et al. (2004), the analytical
uncertainties (1o) associated to the modeled parameters were
not strictly accounted for. To overcome this caveat, Braucher
et al. (2009) have proposed a Monte Carlo procedure to generate
randomly a large number of depth profiles within the analytical
uncertainties of the measured cosmogenic concentrations, assum-
ing that they are normally distributed. In this procedure, numerous
depth profiles (at least 100) are generated by randomly selecting a
concentration within the concentration ranges defined by the mea-
sured uncertainties (1) at each sampling depth. Then, loops on
exposure time, denudation rate, integrated overall density and
inheritance are performed, and for each set of parameters a chi-

square value is determined. Considering all the generated depth
profiles for a given set of parameters, a median value, correspond-
ing to the median of all the chi-square values determined with the
same quadruplet, is calculated. The minimum median value gives
the (¢, €) pair solution.

When the measured depth profile is close to an ideal exponen-
tial decrease, and if the analytical uncertainties are better than 5%,
the minimum absolute chi-square and median values converge to
the same solution (Braucher et al., 2009). However, even if a un-
ique (t, &) solution can theoretically be found for a given profile,
the measured concentrations are never exactly fitted by the model
because the deposits can be affected by post-depositional pro-
cesses such as bioturbation (animals or roots) or material compac-
tion (illuviation, carbonate dissolution...). Following Bevington
and Robinson (2003), one standard error of uncertainty can be cir-
cumscribed on the chi-square space for the modeled parameters
where it increases by one from its lowest value (Granger, 2006).
The uncertainty on the modeled parameters obtained in this way
is very similar to that obtained from Monte-Carlo approaches
(e.g., Braucher et al., 2009; Hidy et al., 2010). Even if such modeling
of exposure scenario is very useful to provide a unique solution for
the parameters controlling the cosmogenic built-up of in situ-pro-
duced '°Be, it will always be necessary for the end-users consider-
ing the geological and geomorphic evidences to evaluate the model
output and its significance.

5. Applications to alluvial landforms in Taiwan
5.1. Cosmogenic measurements in Taiwan

In Taiwan, the previous studies using cosmogenic nuclides pub-
lished so far have been dedicated to either measuring erosion (Lee
et al., 1993; Siame et al., 2010) and incision rates (Schaller et al.,
2005) or constraining timing of glacial morphologies preserved in
the high mountains (Carcaillet et al., 2007; Siame et al., 2007;
Hebenstreit et al., 2011). Regarding rates of fluvial processes, the
pioneer study by Lee et al. (1993) used the flux of meteoric '°Be
to estimate rates of deposition in the Taiwan Strait. In the Taroko
gorges, Schaller et al. (2005) used in situ-produced 3¢Cl exposure
ages to estimate rates of river incision. More recently, Siame
et al. (2010) used in situ-produced '°Be to estimate rates of denu-
dation integrated at the watershed scale in the Lanyang Valley (NE
Taiwan). Regarding dating of landforms, Carcaillet et al. (2007),
Siame et al. (2007) and Hebenstreit et al. (2011) used in situ-pro-
duced '°Be to constraint the timing of early Holocene glacial
deposits in the Nanhu Mountains (NE Taiwan). In the Western
Foothills, Tsai et al. (2008) used meteoric '°Be to date soils cover-
ing alluvial deposits, with a limited success and providing only
minimum ages. The data presented hereafter represent more com-
prehensive chronological constraints for alluvial landforms in
Taiwan using in situ-produced '°Be.

Measuring in situ-produced cosmogenic nuclide concentrations
of alluvial terraces in Taiwan is relatively challenging for two main
reasons. First, at low elevations like those characterizing the
Western Foothills area, surface production rates are low because
of the latitudinal situation of Taiwan, centered on the Tropic of
Cancer. Second, because of its geodynamic and climatic settings,
characterized by frequent large earthquakes and severe typhoons
triggering landslides, erosion rates are among the highest in the
world and preservation of geomorphic features is difficult. In Tai-
wan, an additional difficulty also arises from the fact that fluvial
terraces are generally covered by relatively thick soils. Determin-
ing the amount of time since their abandonment using the classical
surface exposure technique is thus problematic since no surface
boulders can generally be sampled. In the southern termination
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Table 1

Measured '°Be/°Be ratios and '°Be concentrations used for modeling of cosmogenic depth profiles in the Pakua region. '°Be/Be ratios were corrected for procedural blanks and
calibrated against the NIST standard reference material 4325 by using an assigned value of 2.79 + 0.03 x 10~!! and using a '°Be half-life of (1.387 + 0.012) x 106 year (Korschinek
et al., 2010; Chmeleff et al., 2010). This standardization is equivalent to 07KNSTD within rounding error. Surface production rates are calculated following Stone (2000).
Uncertainties on '°Be concentrations are calculated using the standard error propagation method using the quadratic sum of the relative errors associated to the counting
statistics, AMS internal error (0.5% for ASTER), and error associated to procedural blanks (Arnold et al., 2010). Thickness of samples was comprised between 3 and 5 cm. N refers to

the number of counts during 3600 s of measurement.

Sample Depth Latitude Elevation Shielding  Surface production rate (at./  '°Be/’Be Counts '°Be
(cm) (°N) (m) g/year) (1071%) concentrations

(at./g)

Value Error
PK-5 23.871 322 1 4.24
PK-5, 100 100 190.21 779 109433 4031
PK-5, 130 130 127.32 134 73500 6495
PK-5, 160 160 74.84 214 46500 3350
PK-5, 220 220 40.14 359 21852 1372
PK-5, 280 280 28.85 34 13529 2569
PK-5, 370 370 22.06 68 9526 1384
PK-5, 450 450 17.89 61 9058 1461
PK-5, 500 500 20.75 73 10312 1477
PK-5, 600 600 11.11 2 4380 3887
PK-3 23.827 253 1 4.02
PK-3, 50 50 238.38 642 161676 6502
PK-3, 100 100 145.13 305 73948 4341
PK-3, 150 150 64.38 271 36614 2392
PK-3250 250 63.32 204 34,635 2588
PK-3, 300 300 33.23 158 34,000 5279
PK-3, 570 570 25.27 130 11,886 1271
PK-3, 650 650 18.51 73 8340 1238
PK-3, 750 750 38.31 92 18,830 2158
PK1 23.895 433 1 4.61
PK-1, 100 100 140.96 641 143,513 6872
PK-1, 250 250 131.85 783 124,982 5697
PK-1, 400 400 40.51 283 28,180 3320
PK-1, 500 500 14.82 56 8150 3663
PK-1, 600 600 17.68 75 8502 2876
PK-1, 700 700 14.55 61 6851 3132
PK-1, 800 800 10.71 36 4146 3552
Chemical blank for Pk-3 and Pk-5 217 14
Chemical blank for Pk3-300 et Pk-1 6.42 5

of the Pakua tableland (Fig. 3), measurement of in situ-produced
10Be concentrations along profiles sampled below the surface
was thus privileged to test the applicability of the procedure using
modeling of the exponential decrease of the '°Be concentrations
with depth.

In this study, we used in situ-produced !°Be resulting from
spallation and muonic reactions on Silicon and Oxygen in quartz
minerals. After sieving (fraction comprised between 1 and
0.250 mm), samples passed through magnetic separation, and
non-magnetic fraction undergone selective etchings in fluorosilicic
and hydrochloric acids to eliminate all mineral phases but quartz.
Quartz minerals then undergone a series of selective etching in
hydrofluoric acid to eliminate potential surface contamination by
10Be produced in the atmosphere (e.g., Brown et al., 1991). The
cleaned quartz minerals were then completely dissolved in hydro-
fluoric acid after addition in each sample of 100 pl of an in-house
3 x 103 g/g Be carrier solution prepared from deep-mined phen-
akite (Merchel et al., 2008). Hydrofluoric and Perchloric fuming
was used to remove fluorides and both cation and anion exchange
chromatography were used to eliminate iron, aluminum, manga-
nese and other elements. Beryllium oxide was mixed to 325-mesh
niobium powder prior to measurements by Accelerator Mass Spec-
trometry (AMS). Measurements were performed at ASTER (Aix-en-
Provence) AMS French facilities (Table 1). The '°Be half-life of
(1.39 £0.01) x 10° years used is that recently recommended by
Korschinek et al. (2010) and Chmeleff et al. (2010) according to
their two independent measurements.

5.2. Dating the Pakua terraces using cosmogenic depth profiles

In the southern termination of the Pakua Tableland, the ter-
race deposits are generally well preserved along the hinge line
and the backlimb of the Pakua anticline (Fig. 3). Three sampling
sites have been selected in the Pk-5, Pk-3 and Pk-1 levels in or-
der to cover a broad time span. Profile sampling was privileged
on the western edge of the hinge line where steep slopes have
been rejuvenated by landslides particularly during the recent
1999 Chi-Chi earthquake (Fig. 3). On the chosen spots, the good
preservation of the terrace surfaces facilitated the identification
of the quartzite cobbles with depth during sampling that was
conducted using climbing equipment in order to reach down 6
to 8 m depth below the surface. To establish a chronological
framework for the Pakua terraces, we followed the procedure
described by Braucher et al. (2009), using the measurements of
cosmogenic '°Be along deep depth profiles to model both the
exposure time (t) and the denudation rate (&), accounting for
the '°Be inheritance and the alluvial deposit density (see Section
4). To scale the surface production rates on studied sites, we
used a !°Be SLHL production rate of 4.5 + 0.3 at/g-SiO,/year, and
Stone (2000) polynomials (see Section 4). To calculate the pro-
duction due to muons, we adopted the approach of Balco et al.
(2008), which assumes a negligible latitudinal effect on muon
flux. At sampling sites, the surrounding morphologies have no
impact on surface production rates, and topographic shielding
does not need to be accounted for (Table 1).
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The profile sampled through the first six meters of the alluvial
material capping the Pk-5 level exhibits a convincing exponential
decrease of the '°Be concentrations with depth, with an asymptote
along the vertical abscissa indicating that the sampled alluvial
material was aggraded during a single depositional event (Fig. 6).
At the sampling site, the terrace is covered by a roughly 1 m thick
brown soil, which was not sampled. During the modeling of the
10Be concentrations with depth, none of the samples were
discarded and the overall material density was treated as a free
parameter within the range 1.8-2.4 g/cm>. For this profile, the
lowest chi-square solution yields an exposure of 105+ 19 Kka,
which is associated with an integrated denudation rate of
3 + 2 m/Ma and no inheritance (Fig. 6).

For the Pk-3 terrace, the profile sampled through the first 8 m of
the alluvial material is characterized by the presence of a sandy
lens between 2.5 and 5.7 m depth (Fig. 7). The quartzite cobbles
were thus sampled at depth ranging from 0.5 (below the brown
soil) and 2.5 m, as well as from 5.7 and 7.5 m depth (Fig. 7). To

evaluate if this sandy lens represents a previous episode of aggra-
dation, buried below more recent alluvial gravels, a sample of bulk
sand was also taken at a depth of 3 m (Fig. 7). In such case, the con-
centration of the sample from the sandy lens should be signifi-
cantly higher than that of the cobble sampled just above it.
Though sensibly higher than the samples located at greater depths,
the two concentrations measured in the sand at the top of the lens
and in the cobble sampled just above it are not significantly differ-
ent, leading us to consider that no significant exposure occurred
before the aggradation of the top gravels. For the modeling, none
of the samples were discarded and the overall material density
was treated as a free parameter within the range 1.8-2.4 g/cm®.
For the Pk-3 profile, the lowest chi-square solution yields an expo-
sure of 322 + 25 ka, which is associated with an integrated denuda-
tion rate of 15+1m/Ma (Fig. 7). The predicted exponential
decrease of the 1°Be concentrations with depth exhibits an asymp-
tote towards the concentration values of the deepest samples,
which are close to zero and thus bear a negligible inherited content

Fig. 6. (A) Depth profile within the Pk-5 alluvial terrace showing the measured in situ-produced cosmogenic '°Be concentrations (Table 1) together with the result of the chi-
square modeling for the exposure duration and the integrated denudation rate. (B and C) Cumulative plots of the number of profiles generated by the Monte-Carlo procedures
for denudation rate and exposure duration, respectively. (D) Photograph of the Pk-5 surface at the western edge of the Pakua Tableland. (E) Photograph of the sampled

section.
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Fig. 7. (A) Depth profile within the Pk-3 alluvial terrace showing the measured in situ-produced cosmogenic '°Be concentrations (Table 1) together with the result of the chi-
square modeling for the exposure duration and the integrated denudation rate. (B and C) Cumulative plots of the number of profiles generated by the Monte-Carlo procedures
for denudation rate and exposure duration, respectively. (C) Photograph of the Pk-3 terrace taken at the toe of the cliff looking towards the north upon the southern edge of
the Pakua Tableland. (C) Photograph of the sampled section hanging high above the Choshuei River bed.

with regards to the modeled age of the Pk-3 terrace. However,
though converging towards a satisfying solution, the lowest chi-
square value determined for the profile is rather high and probably
not as robust as that modeled for the Pk-5 terrace.

The alluvial terrace Pk-1 is covered by a thick red soil, preclud-
ing sampling cobbles within the first meters below the surface.
Since the modeling of the exponential decrease of °Be concentra-
tions with depth relies both on the neutrons close to the surface
and the muons at depth (Section 4), this is a crucial issue. To over-
come this, bulk soil samples were taken from the upper 4 m,
whereas quartzite cobbles were sampled within the alluvial mate-
rial (Fig. 8). From 8 kg of soils, roughly 15 g of quartz grains were
extracted, allowing measuring °Be concentrations. Conversely to
the profiles measured in the Pk-5 and Pk-3 alluvial materials, the
upper part of the Pk-1 profile cannot be fitted by an exponential
decrease. Indeed, the soil samples appear significantly enriched
in 1°Be compared to the quartzite cobbles in the conglomerate at
depth (Fig. 8). This situation can be interpreted as the result of ver-
tical mixing due to bioturbation during soil development (e.g.,
Brown et al., 2003). Within this context, the concentrations mea-
sured in the soil samples may have reached the steady state for
the production due to the secondary neutrons (Lal, 1991). If this
is the case, then a steady-state denudation rate of 28 +2 m/Ma
can be calculated from the soil samples. Such a spallogenic steady
state reached during soil development does not imply that the
muonic component at depth has also reached the steady state. To
model the sampled depth profile, a mean concentration calculated
from those measured in the soil samples has thus been assigned to
the surface (Fig. 8). Using this mean concentration together with
those measured at depth in the quartzite cobbles yields a lowest
chi-square solution with an exposure duration of 399 + 50 ka, an
integrated denudation rate of 30+2 m/Ma, and no significant

inheritance as suggested by the asymptotic evolution of the mea-
sured concentrations toward values close to zero at depth (Fig. 8).

6. Discussion
6.1. Significance of the modeled denudation rates

In the Pakua area, the erosion of the uplifted landscape is usu-
ally triggered by severe storm events with a probable help from
occasional large seismic events. Erosion is apparently more effi-
cient on the western steep slopes of the tableland than on the east-
ern ones that are gently tilted toward the east. Indeed, on such low
slopes, the evolution of the landscape is slower, except in the
gullies flowing down eastwardly where mechanical erosion can lo-
cally be severe. This particular situation allowed a good preserva-
tion of the geomorphic features such as the alluvial terraces and
their risers. Within such a context, the oldest terrace (Pk-1), which
is also the highest of the series, is naturally the less preserved along
the hinge of the Pakua anticline whereas the alluvial terraces
stepped below it are better preserved at the southern tip of the
Pakua Tableland (Fig. 3).

What is the geomorphic significance of the modeled denudation
rates? For the Pk-3 and Pk-1 terraces, the modeled surface °Be
concentrations are the same or less than for the Pk-5 terrace, which
is opposite of the expected trend for increasing age. For these older
terraces, higher denudation rates are thus needed. However, the
denudation rates that are determined from the depth profiles have
a different signification than those determined in watersheds from
detrital quartz minerals (e.g., Siame et al., 2010). They do not cor-
respond to denudation rates integrated over specific drainage ba-
sins but to a local lowering of the terrace surfaces. Indeed,
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Fig. 8. (A) Depth profile within the Pk-1 alluvial terrace showing the measured in situ-produced cosmogenic '°Be concentrations (Table 1) together with the result of the chi-
square modeling for the exposure duration and the integrated denudation rate. The surface concentration (open circle) is the mean value of the two concentrations measured
in the red soil samples (see text). (B and C) Cumulative plots of the number of profiles generated by the Monte-Carlo procedures for denudation rate and exposure duration,

respectively. (D) Photograph of the sampled section.

through time, geomorphic processes, such as deflation controlled
by dissolution and depletion in the upper soil horizons, through
weathering and disintegration of the crystalline clasts, illuviation
and compaction of the silty matrix, can be responsible for dramatic
losses of matter. For the Pakua terraces, those processes resulted in
the observed increase of soil weathering degree with age of the
terraces (e.g., Tsai et al., 2006). Within this context, a higher inte-
grated denudation rate for the highly weathered Pk-1 terrace,
and conversely a lower integrated denudation rate for the less
weathered Pk-5 terrace, is not surprising. Another line of argument

comes from the fact that the in situ-produced '°Be concentrations
measured within the uppermost meters of Pk-1 soil exhibit the
characteristics of bioturbation, suggesting an evolution en masse
of the deposits, and thus an autochthonous origin for the red soils.

The denudation rates that are determined by modeling of depth
profiles correspond to rates of thickness reduction, that are aver-
aged during the alternating climatic cycles experienced by the allu-
vial materials since their abandonment. According to its modeled
exposure age, the youngest Pk-5 terrace has experienced only the
last Interglacial/Glacial cycle whereas the older Pk-3 and Pk-1
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Fig. 9. (A) Regional terrace correlation using the cosmic ray exposure ages for the depth profiles sampled within Pk-5, Pk-3 and Pk-1 alluvial deposits combined with the
weighted profile development indices (WPDI) determined by Tsai et al. (2007a,b). The regression curves have been obtained fitting the cosmogenic ages (and their associated
uncertainties) modeled for Pk-5, Pk-3 and Pk-1 deposits with the WPDI values determined by Tsai et al. (2007a,b). The terrace CS-2, radiocarbon-dated by Ota et al. (2002), is
also integrated in the regression. The thin blue line corresponds to the regression relationship using the average age values. Thick brown lines correspond to the regression
relationships obtained using minimum and maximum age values (model uncertainties). Numbers in italic refer to the terrace ages determined using the correlation between
WPDI and time. It is worth noting that if the regression established here is fine for data interpolation, it however does not conform to the behavior of soil development and
may fail extrapolating toward both ends. B. Selected sea level curves for the last 3-4 glacial cycles (modified after Capputo, 2007), showing the possible correlations between
the terrace abandonment periods and major Marine Isotope Stages. The lower and upper bounds of Pk-5 age estimate may be correlated with MIS 5.3 and 5.5, respectively.
Pk-4 may be correlated with MIS 7.3, whereas CS-1 may be correlated with MIS 6.5. Given the uncertainties on the abandonment ages of Pk-4 and CS-1, an alternative
interpretation would be to correlate both to MIS 7.1. For the older Pk-3 to Pk-1 terraces, the correlation is even more speculative and one possible interpretation would be to

correlate PK-3 to MIS 9.3, Pk-1 to MIS 11.3 and Pk-2 to some intermediate MIS.

terraces have experienced 3-4 alternations of warm/cold climatic
periods. For each terrace, the total thickness reduction can be
estimated both considering the denudation rate and exposure
duration determined from the modeling: 0.3+0.2m (Pk-5),
4.8 +0.5 m (Pk-3), and 12.0 + 1.7 m (Pk-1). Although, the denuda-
tion rates modeled for the older terraces may appear high, they
are interestingly consistent with the range of values that have been
determined for alluvial material in South of France for terraces old-
er than several hundreds of thousand years (Brocard et al., 2003;
Siame et al., 2004). This reinforces the idea that the terrace thick-
ness reduction reflects the evolution of the alluvial material during
successive glacial cycles, independently of the present-day climatic
regime. Such thickness reduction affecting the alluvial material as
a whole, it does not have a strong impact on the geomorphic pres-
ervation of broad features like alluvial terraces, their surface being
transposed in the landscape.

6.2. Significance of the modeled exposure ages

From the modeling of the Pakua profiles, it appears that the
emplacement and abandonment of the alluvial terraces span the
last 450 ka, in agreement with geological constraints (Delcaillau
et al., 1998) and pedogenic characteristics (Tsai et al., 2006). Con-
versely, this cosmogenic-derived chronological framework does
not match with that derived by Simoes et al. (2007) from OSL
dating. Taiwan being characterized by highly dynamic deposi-
tional conditions, fluvial deposits are generally transported by
high concentration flows having little opportunities for daylight
exposure. Partial bleaching of the mineral grains is thus a crucial
issue in dating fluvial deposits of this kind with OSL (e.g., Wu
et al., 2010). Another argument comes from the comparison of
the pedogenic characteristics of the soils covering the terrace
gravels. In their study, Simoes et al. (2007) correlated the Pk-1
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Table 2

Geomorphic parameters associated to the alluvial terraces and the incision of the Choshuei River. Elevation values correspond to the maximum elevation for a given surface
extracted from the digital elevation model (40 m-resolution) along the topographic profile (B-B’) shown on Fig. 3. Apparent incision values are determined by subtracting the
present-day elevation of the Choshuei River to the maximum elevation for a given terrace. Corrected incision values are calculated accounting for the elevation of the global sea
level with respect to the present-day one for a given terrace (+20 m for Pk-1 to Pk-5; —50 m for Pk-6 and CS-2) (e.g., Capputo, 2007). Incision rates are calculated dividing the
corrected incision values by the terrace ages (bold numbers correspond to modeled cosmogenic ages, italic numbers correspond to the age determined from the correlation with
the WPDI published by Tsai et al. (2007b)). Terrace CS-2 has been radiocarbon-dated by Ota et al. (2002). The amount of thickness reduction has been calculated only for the

modeled cosmogenic profiles. N.A.: not available.

Elevation (m) Incision (m) Age (ka) Denudation rate (m/Ma) Thickness reduction (m) Incision rate (mm/year)
Apparent Corrected Value Error Value Error Value Error Value Error
Pk-1 442 342 322 399 50 30 2 12.0 1.7 0.8 0.1
Pk-2 432 332 312 350 40 N.A. N.A. N.A. N.A. 0.9 0.1
Pk-3 400 300 280 322 25 15 1 4.8 0.5 0.9 0.1
Pk-4 390 290 270 200 20 NA. NA. N.A. NA. 14 0.1
Pk-5 335 235 215 105 19 3 2 03 0.2 21 04
Pk-6 323 223 273 28 4 NA. NA. NA. NA. 10.1 1.3
CS-2 190 90 140 31 03 NA. NA. NA. NA. 4.5 0.0

Choshuei 100

Fig. 10. (A) Topographic profile showing the stepped geometry of the alluvial terraces (located on Fig. 3). Numbers refer to the maximum elevation in meters above sea level.
Vertical rate of incision experienced by the Choshuei River with respect to the present-day terrace elevations corrected for fluctuations of the sea level (Table 2).

level with a far away terrace CS-2 with radiocarbon dates at
about 31 ka (Ota et al., 2002). This is debatable since the Pk-1
pedon has subsurface oxic horizons, with typical characteristics
of Hapludox (Ferralsol), whereas the CS-2 pedon is much less
weathered, with characteristics of Paleudult (Acrisol) (Tsai et al.,
2006, 2007b). In fact, a comparison of the WPDI values deter-
mined for the terraces Pk-6 and CS-2 shows that they are most
probably synchronous and implies that the Pk-6 terrace should
have been abandoned 24-31 ka ago.

On the other hand, the modeled cosmogenic ages are in good
agreement with those estimated using the pedogenic characteris-
tics of the soils developed above the fluvial gravels (Tsai et al.,

2006, 2008). From this observation, we thus compared the mod-
eled cosmogenic ages with the weathering development indices
(WPDI, Weighted Profile Development Index) determined by Tsai
et al. (2007a,b, 2010) for pedons from the Pakua and Tadu table-
lands and the alluvial terraces in Jhushan (Fig. 9). The modeled
cosmogenic ages and WPDI values correlate remarkably well,
fitting exponential relationships with fairly good statistics
(R?=0.97-0.99), allowing estimating the abandonment ages of
undated terraces, with Pk-2 at 350 % 40 ka, Pk-4 at 200 + 20 ka,
CS-1 at 160 £ 20 ka (Fig. 9). Within this framework, the terraces
covering the Tadu Tableland may have been abandoned during a
lag time that is synchronous to Pk-3/Pk-2; i.e., 300-390 ka ago.
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Fig. 11. (A) Close-up on the southern termination of the Pakua Tableland locating the topographic profiles shown in (B) Topographic profiles showing the terrace dip values
(determined over their best preserved sections) and the present-day gradient of the Choshuei River. (C) Simplified structural interpretation of the Pakua Anticline (after Yue
et al.,, 2009). Toukoshan-Cholan and Chinsui formations are Pleistocene and Pliocene, respectively. (D) Horizontal shortening rates associated to the Changhua Fault derived
from the terrace dip values (see text and Table 3). (D) Schematic map of the GPS vectors for the stations located in the vicinity of the Pakua Tableland (after Yu et al. (1997)).

Table 3

Shortening rates associated to the Changhua Fault. Slope values correspond to the maximum slope value for a given surface, along its best-preserved section, extracted from the
digital elevation model (40 m-resolution) along the topographic profiles 1-6 shown on Fig. 3. Percentages of total shortening are determined using Eq. (6). Amounts of shortening
are calculated using the total input fault slip of 1686 + 113 m determined by Yue et al. (2009). Shortening rates are calculated dividing the amounts of shortening by the terrace
ages (bold numbers correspond to modeled cosmogenic ages, italic numbers correspond to the age determined from the correlation with the WPDI published by Tsai et al.

(2007b).

Slope (°) % of total shortening Shortening (m) Age (ka) Shortening rate (mm/year)
Value Error Value Error Value Error
Pk-1 3.78 90 1517 393 399 50 3.8 1.1
Pk-2 3.58 86 1444 374 350 40 4.1 1.2
Pk-3 3.07 75 1257 325 322 25 39 1.1
Pk-4 1.88 49 821 213 200 20 4.1 1.1
Pk-5 1.49 40 678 176 105 19 6.5 2.0
Pk-6 1.35 37 627 162 28 4 22.8 6.6

The CRE ages modeled from the profiles correspond to the
abandonment of the last gravel deposits, and thus benchmark
the end of fluvial incision/aggradation cycles. Since the Pakua
and Tadu terraces have been emplaced close to the sea shore,
variations of the rivers’ base level during the last 500 ka must
have been related to those of the global sea level, like they were
for the last 25 ka (Chen et al., 2010a,b). However, given the uncer-
tainties associated to either the terrace abandonment ages or to
the choice of a given sea level curve (e.g., Capputo, 2007), it is
rather challenging to assign Marine Isotope Stages (MIS). Never-
theless, from the comparison of the ages of terrace in western
central Taiwan with sea-level curves, it seems that most of the
terrace abandonment periods correspond to major sea level
high-stands (Fig. 9).

6.3. Tectonic implications

The interaction between the growth of the Pakua anticline and
incision of the Choshuei River resulted in the observed stepped flu-
vial terraces. During the growth of the fold, the paleo-Choshuei
River flew further to the north, incising the landscape and aban-
doning the terraces to produce the observed series of unpaired
alluvial terraces. To allow the preservation of the Pk-1 alluvial
deposits from being buried below younger foreland deposits, the
inception of the local uplift must thus be correlative to their aban-
donment. This means that some 450 ka ago, the local uplift rate
due to the Changhua Fault began to be significantly higher than
the subsidence rate within the Taichung Basin. If one compares
the present-day elevation of the alluvial terraces to the Choshuei
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River, amounts of vertical incision can be determined (Table 2).
However, these quantities correspond to apparent vertical incision
since fluctuations of the sea level during the last 3-4 glacial cycles
most probably controlled the behavior of the rivers flowing on the
Coastal Plain. Except for the Pk-6 terrace, which corresponds to a
global sea level that was roughly 50 m lower than the present-
day one, the Pakua terraces seem to have been abandoned during
periods of sea level high-stands that were about 15-20 m higher
than today (Fig. 9). Accounting for these sea-level fluctuations,
integrating the corrected amounts of vertical incision over the life-
time of the terraces implies that the paleo-Choshuei River incised
below Pk-1 to Pk-3 at an average rate of 0.9 + 0.1 mm/year
(Fig. 10 and Table 2). Over a shorter time spans from Pk-4 to
Pk-6 terraces, the vertical incision of the river was multiplied by
a factor of ten (Fig. 10). Indeed, for the Pk-4 and Pk-5 terraces,
the averaged vertical rates of incision are 1.4 + 0.1 mm/year and
2.1 £0.4 mmy/year, respectively, whereas it may be as high as
10.1 = 1.3 mm/year for the Pk-6 terrace (Fig. 10 and Table 2). As a
comparison, the vertical incision rate derived from the radiocar-
bon-dated CS-2 terrace, which is interpreted to be equivalent to
Pk-6, is only on the order of 4.5 mm)/year (Fig. 10 and Table 2). This
underlines the fact that the increased vertical incision rate deter-
mined for the Pakua Tableland during the last 24-31 ka might well
be correlative to some enhanced tectonic activity of the Changhua
Fault. At the time of the abandonment of the Pk-6 terrace, the
paleo-Choshuei River was defeated by the growing fold and shifted
to the south where incision was much easier probably because of a
much lower uplift rate south of the Changhua Fault.

From seismic reflection profiles, the Pakua anticline has been
interpreted as a blind fault-propagation fold (Yue et al., 2005).
On the basis of a pure-shear model and, in agreement with area
of relief and bed-length shortening measurements, Yue et al.
(2009) estimated a total ramp slip of about 1.7 km. The long back-
limb of the anticline is marked by progressive limb rotations that
are recorded by growth strata and terrace surfaces (Fig. 11). Con-
sidering the shear fault-bend folding theory (Suppe et al., 2004)
that implies a nearly linear relationship between backlimb dip
and horizontal shortening, Yue et al. (2009) proposed that:

Oterrace
S= 5 Spregrowth (6)
'pregrowth

where the total input fault slip, Spregrowtn, i 1686 = 113 m and the
apparent dip of the uppermost reflectors of the seismic line, dyre-
growths 1S 4.6 £ 0.1° (Fig. 11). From the terrace dip values determined
along the best-preserved sections, amounts of shortening can thus
be estimated from the relationship given by Eq. (6) (Table 3).
Combining these shortening quantities with the ages determined
for the Pakua terraces allows estimating shortening rates associated
with the Changhua Fault (Fig. 11). Based on its dip value, the terrace
Pk-1 has recorded 90% of the total input fault slip of 1686+ 113 m
determined by Yue et al. (2009). This is in good agreement with
the fact the abandonment of the oldest alluvial terrace must shortly
post-date the deformation inception. At the time of Pk-4 abandon-
ment, roughly half of the total amount of shortening was already
accommodated (Table 3). Afterward, the second half has thus been
accommodated at an accelerating rate, and particularly during the
last 31 ka (Table 3). The fact that the Pk-5 terrace is tilted only
slightly more than the much younger Pk-6 terrace provides evi-
dences for an increase of a factor of 4 in tilting rate, and thus in short-
ening rate (Table 3). Indeed, the shortening rates averaged from the
amount of shortening cumulated during the lifetime of the alluvial
terraces Pk-1 to Pk-4 remained constant at a lower rate of
4+ 1 mmy/year (Fig. 11 and Table 3). The amounts of shortening
cumulated during the lifetime of the Pk-5 and Pk-6 terraces imply

higher shortening rates on the order of 7 +2 mm/year and 23 +
7 mmy/year, respectively (Fig. 11 and Table 3).

The implications of these results are two-fold. First, the average
shortening rate determined over a few hundred thousand years
(3-5 mm/year) is comparable to the GPS horizontal velocities
determined by Yu et al. (1997) in the vicinity of the Changhua Fault
(Fig. 11). This underlines that the present-day deformation rates
determined along the most frontal thrust of the Taiwan mountain
belt might well be representative for the transient accumulation of
elastic strain. On the other hand, as far as the age of the Pk-6
terrace is correctly estimated, the shortening rate determined over
the last 31 ka (16-30 mmy/year) suggests that the slip on the
Changhua Fault has been accelerating to reach nearly 20-30% of
the convergence rate between the Eurasian and the Philippine
Sea plates (e.g., Simoes et al., 2007; Yue et al., 2009). If so, the much
lower rate from the present-day GPS velocities implies a significant
slip deficit, thus an ongoing strain accumulation on the Changhua
Fault, which certainly deserves attention in term of seismic
hazards. Alternatively, this important difference between the
deformation rates determined on the middle term (30ka) and
those determined on the short (geodesy) and long (450 ka) terms
might be a piece of evidence that the Changhua Fault may have
experienced a series of strong earthquakes, close together in time
during the last 30 ka, following a seismogenic clustering fashion.

7. Conclusions

Determining well-constrained chronological framework for
landscape development in context of active tectonics is a crucial is-
sue. Not only does this chronological framework should allow
determining the ages of deformed geomorphic markers but it also
should open the temporal window over time spans long enough to
allow apprehending evolution and possible fluctuation in the rates
of active tectonics. In this paper, we presented how the cosmogenic
dating method (in situ-produced '°Be) can be used to constraint
the chronological framework of alluvial deposits over a Pleistocene
time scale. Thanks to a comparison of our cosmogenic-derived ages
with existing data such as pedogenic characteristics of the alluvial
deposits, we provide a consistent regional chronological frame-
work, spanning the last 450 ka, for the Pakua-Tadu area along
the Changhua Fault, one of the most active frontal thrusts of the
Taiwan mountain belt. The obtained newly revised chronological
constraints allow discussing terrace abandonment ages in relation
with major sea level high-stands. More importantly, those data
open an interesting perspective for terrace correlation in Taiwan
through the combination of cosmogenic depth profiles with pedo-
genic analyses. Another pathway to follow will be to systematically
combine deep cosmogenic depth profiles with OSL sampling, in or-
der to better understand the possible age discrepancies between
the two techniques, and better tackle the depositional, denudation
and exposure scenarios experienced by the deformed alluvial
deposits.

From the point of view of active tectonics in Taiwan, the compar-
ison of the current geodetic-derived loading rates with the shorten-
ing rates derived from our cosmogenic chronological framework
provide evidences that the shortening rate absorbed by the
Changhua Fault was not constant over the last 450 ka, with an
acceleration commencing roughly 200 ka ago to reach a significant
proportion of the convergence rate circa 30 ka. In connection with
the westward propagation of the deformation front, this evolution
might well be symptomatic for the maturation of the Changhua
Fault during a recent period of high activity, which thus represents
a serious seismic source of hazards for this populated region of wes-
tern central Taiwan. At the scale of the Taiwan orogen, this observa-
tion also reinforces the idea that the deformation tend to localize on
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a few structures and that the plate convergence should be parti-
tioned over a limited number of major fault zones accommodating
fractions of the total plate velocities.
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